On the basis of oxidoreductive rapid kinetic and titration experiments with purified cytochrome c oxidase (EC 1.9.3.1), monitored by electron paramagnetic resonance (EPR) at 13'K and by spectrophotometry at 1000K, a new assignment of EPR signals is proposed.
With the advent of new tools of investigation the enzyme cytochrome c oxidase (EC 1.9.3.1) has received considerable attention. Low-temperature electron paramagnetic resonance (EPR) spectroscopy has made it possible to detect copper and several heme species in the enzyme depending on the oxidation state. On the basis of EPR observation at 90'K Van Gelder and Beinert (1) proposed a tentative assignment of the detectable signals, but during EPR spectroscopy at lower temperatures it became apparent that the simple interpretation of the spectra suggested by these authors was not able to account for observations made by EPR at about 100K (1, 2) and by other approaches (3) (4) (5) (6) (7) (8) . Particularly, information obtained from measurements of redox potentials (3) (4) (5) (6) (7) (8) was not compatible with the proposal that the bulk of the EPR signal of a high-spin heme component, which appears at intermediate states of oxidation, represents the as component, which is defined as the species that, in its reduced state, reacts with 02 or CO and is thought to have a high redox potential. It was therefore proposed (4) that a lowspin heme component (g = 3.0; 2.2; 1.5), which is detectable in the oxidized form of the enzyme and the signal of which disappears with the first equivalents of reductant added, represents the high-potential heme of the enzyme and thus presumably as, whereas the signal at g = 6 was attributed to a.
From a large number of titrations and rapid kinetic experiments, involving different reductants and oxidants and monitored by low-temperature EPR (130K) and optical reflectance spectroscopy (100'K), we would like to propose here an interpretation, which differs from those brought forth thus far, but which, at this time, appears to us to be most compatible with the results obtained by equilibrium and rapid reaction approaches as well as with the older spectrophotometric re- The apparent discrepancies in the information available on c oxidase, which lead us to the present proposal, are the following: in titrations the low-spin heme signal at g = 3 disappears immediately with the first electrons entering the enzyme. This has led to the interpretation that disappearance indicates reduction of that component (1, 4) and that the g = 3 signal represents the component of highest redox potential and thus presumably a3 (4) . In rapid-reaction experiments, however, with c or dithionite as reductant, it is also the signal at g = 3 that disappears immediately. If the above assignment of signals were correct, and disappearance of signal is again equated with reduction, this would mean that a3 is rapidly reduced, which contradicts conclusions drawn from spectrophotometric studies, namely that reduction of a3 is slow (9) (10) (11) (12) .
Furthermore, the ligand-binding properties of what has generally been considered to be a3 from spectrophotometric work, are those expected of a high-spin rather than a low-spin heme compound, whereas the signal at g = 3 is clearly that of a low-spin heme.
We are aware that a number of these arguments are based on interpretations of spectrophotometric data, not on unam- biguous facts. Nevertheless, as a whole, they cannot be lightly ignored. There is one piece of experimental evidence that strongly suplports the argument that a3 is indeed slowly reduced, namely the delayed appearance of lphotosensitivity when c oxidase is reduced by c in the presence of CO (9) . If a32 is the component combining with CO-a lpoint on which there seems to be general agreement-and if the rate of combination of a32+ is as stated (9, 13, 14) , then this is in conltradiction to the notion that the disappearance of the EPR signal at g = 3 indicates reduction of a33 +.
The following interpretation removes this contradiction: the low-spin heme signal at g = 3 represents largely, if not exclusively, a. This finding agrees with the kinetic results (9-12) and the observation of delayed emergence of photosensitivity on reduction in the presence of CO (9) . This interpretation can also be brought into agreement with the information on redox potentials (3) (4) (5) (6) (7) (8) if it is considered that ab,- when the 655-nm band has decreased, absorption at 445 nm rises and obscures the separation of the Soret bands of a (see Fig. 5 below).
METHODS
The enzyme was prepared by an unpublished procedure of C. R. Hartzell. This procedure involves extraction with Triton and solubilization with cholate. The preparation has [12] [13] [14] nmol of heme per mg of protein and a copper-to-heme ratio of <1.1. The protein is dissolved in 0.1 M potassium phosphate of pH 7.4 containing 0.5% Tween 20. All enzyme concentrations are given in terms of molarity of total heme, not distinguishing between a and a3. For experiments involving rapid mixing the values for concentrations refer to the state after mixing. Anaerobic titrations, rapid kinetic experiments (16, 17) , and reflectance spectroscopy at low temperature (18) were performed and evaluated essentially as described. The temperature during reaction was 16-17'C. Improvements were introduced that allow rapid mixing and freezing at very low oxygen concentrations.
EPR spectroscopy and control of temperature were as described (19, 20 Figs. 1 and 2 . The spectra shown refer to the samples frozen at 340 msec (A), 1 sec (B), and 20 sec (C) (see Fig. 1 ), and at 2 min (D) and 200 min (E) (see Fig. 3 ).
was in this form gives us additional assurance that our quantitative estimates of this species are not grossly incorrect. In general, the g = 6 signal represented less heme, usually in the range of 5-15% of the total present. When c or ferricyanide were used, quantitative estimates of the main low-spin form (g = 3; 2.2; 1.5) were made by recording the high-field line at g = 1.5, which is not interfered with by lines from those substances. With samples less than 1 mM in heme, 4 (B) , and the oxidized control (C). The peak at 700 nm originates from oxidized c. titration experiment (Fig. 3 ) the low-spin heme signal also disappears with the first reducing equivalents added. Relatively more high-spin heme is detected. The copper signal disappears initially but is apparently restored by electron redistribution within the enzyme. This has been observed consistently also with other reductants, and appears to be the reason for the observation that in titrations the copper signal does, if anything, increase rather than decrease with the first 0.5-1 reducing equivalent added per heme (1) . Figs. 2 and 4 show reflectance spectra of samples of Figs. 1 and 3 . It should be pointed out that in this kind of spectroscopy absorptions at longer wavelengths are emphasized, as can be seen from the strong 800-and 655-nm bands. Reflectance spectroscopy is therefore well suited for observing the behavior of the 655-nm absorption, which in room-temperature spectrophotometry is badly interfered with by changes in the slope of the bands around 600 nm. It can be seen that on the time-scale of the kinetic experiment with 14 electron equivalents of reductant per heme there is still substantial absorption left at 655 nm, even at 20 sec. Similarly, in the titration experiment with 1 electron per heme the 655-nm band disappears only slowly within hours. The presence of CO accelerates this process (Fig. 4A ). is a slow reaction. Under our conditions the rate is closer to that found by the latter authors. These authors (10) concluded from their experiments that copper is not significantly reduced in the first rapid phase of reduction. We find rapid disappearance of the EPR signal for copper and the 800-nm absorption in the reflectance spectra, as had been observed in this laboratory (1, 17) , but this does not unambiguously indicate reduction of copper, and, as also pointed out by these authors, the conditions of our experiments are quite different, so that these results are not necessarily incompatible. Fig. 7 interactions. It appears to us from our own experimentation and from results reported by others that there are multiple interactions of various strengths between the components of c oxidase, the very situation which makes it almost-if not entirely-impossible to elicit, by certain additions, an unambiguously specific response of one of the components.
It has been argued that studies on the purified enzyme are of very limited value, as changes may have occurred on isolation. We are aware of this, but consider pursuit of work on the purified enzyme important at this stage of our knowledge for the following reasons: (1) Obviously the isolated enzyme produces water from oxygen within microseconds, one of the principal capabilities of the enzyme in tissue. It is extremely unlikely that information obtained on how this is brought about by the purified enzyme will be useless for understanding the function of the enzyme in its natural environment. ( 2) The sensitivity of our measurements is increased an order of magnitude or better when we work with the purified enzyme, because of the concentrations that can be used. Many details can thus be recognized that one would not even become aware of in work with the enzyme in mitochondrial particles. When such details and conditions, under which they can be observed, are worked out, only then will it be possible to search for similar phenomena in the particulate enzyme. Thus, for instance, the fact that there is a great number of species of all the heme signals of the enzyme, depending on ionic environment, pH, dissolved gas, kind and quantity of oxidant or reductant plresent, and time of reaction, cannot be recognized in work on particles because of lack of resolution. Since these species have g values shifted by as much as 30 G and substantially different signal shapest, it is hazardous to derive quantitative information. from merely observing signal height. Furthermore, the assumption that the EPR spectra observed with isolated mitochondria or particles, as opposed to those of the purified enzyme, represent the enzyme "in situ" (see ref. 4 ) is not
